Arsenic removal consecutive to biological iron oxidation and precipitation is an effective process for treating As-rich acid mine drainage (AMD). We studied the effect of hydraulic retention time (HRT)-from 74 to 456 min-in a bench-scale bioreactor exploiting such process. The treatment efficiency was monitored during 19 days, and the final mineralogy and bacterial communities of the biogenic precipitates were characterized by X-ray absorption spectroscopy and high-throughput 16S rRNA gene sequencing. The percentage of Fe(II) oxidation (10-47%) and As removal (19-37%) increased with increasing HRT. Arsenic was trapped in the biogenic precipitates as As(III)-bearing schwertmannite and amorphous ferric arsenate, with a decrease of As/Fe ratio with increasing HRT. The bacterial community in the biogenic precipitate was dominated by Fe-oxidizing bacteria whatever the HRT. The proportion of Gallionella and Ferrovum genera shifted from respectively 65 and 12% at low HRT to 23 and 51% at high HRT, in relation with physicochemical changes in the treated water. aioA genes and Thiomonas genus were detected at all HRT although As(III) oxidation was not evidenced. To our knowledge, this is the first evidence of the role of HRT as a driver of bacterial community structure in bioreactors exploiting microbial Fe(II) oxidation for AMD treatment.
Introduction
Arsenic (As) is a toxic element present in many cases in acid mine drainage (AMD) (Williams 2001; Paikaray 2015) . One attractive, cost-effective way to treat As-rich AMD is to use the capacity of autochthonous microorganisms to immobilize this metalloid while oxidizing and precipitating iron (Battaglia-Brunet et al. 2006a; Elbaz-Poulichet et al. 2006; Macías et al. 2012 ). This process is occurring naturally and has been described in many AMD streams worldwide (Ohnuki et al. 2004; Asta et al. 2010; Egal et al. 2010) . It represents a promising strategy to remediate these effluents in a passive way, with minimum maintenance, which is a prerequisite in the management of these pollutions that last hundreds of years (Modis et al. 1998) .
In a recent study, we demonstrated that higher Fe(II) oxidation and As removal were obtained with increasing hydraulic retention time (HRT) in a bench-scale bioreactor treating As-rich AMD (Fernandez-Rojo et al. 2017) . However, the effect of HRT on the microbial community structure and mineralogy of the biogenic precipitate was not investigated, Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00253-018-9290-0) contains supplementary material, which is available to authorized users. although these features are major issues in the development of a bioremediation process.
By changing the physicochemical parameters of the water, HRT may affect the bacterial community that drives the depollution and, in turn, treatment performance, robustness, or sustainability, as observed in AMD treatments exploiting microbial sulfate reduction (Vasquez et al. 2016; Vasquez et al. 2018) . A number of studies have highlighted the role of pH (Lear et al. 2009; Kuang et al. 2013; Chen et al. 2013) , conductivity (Edwards et al. 1999) , or oxygen concentration (González-Toril et al. 2011) in the structuration of microbial communities in AMD.
HRT is also expected to influence the As and Fe contents of the precipitate and, in turn, the mineralogy of As-bearing phases; the latter controls the concentration of aqueous As species in equilibrium with the solid and the potential reversibility of As trapping towards physicochemical changes or aging (Cheng et al. 2009 ).
In the present study, we investigated the effect of HRT on the composition of the bacterial community and the mineralogy of the biogenic precipitate in a bench-scale Fe oxidation bioreactor treating As-rich AMD from the Carnoulès mine (southern France).
Materials and methods

Bench-scale aerobic bioreactor
The current bioreactor has been described in detail in our previous study (Fernandez-Rojo et al. 2017) . Briefly, the bioreactor comprises four polyvinyl chloride (PVC) channels (C1-C4) of 1-m length, 0.06-m width, and 0.06-m depth. A biodegradable mesh (BIO DURACOVER) was placed inside the channels to favor the adhesion of the biogenic precipitate. A peristaltic pump (Gilson, Minipuls 3) transferred AMD from a tank to the four channel inlets. Another pump was used to maintain the water height at 4 mm. Each channel was fitted with a specific peristaltic pump tubing (Tygon® internal diameter (i.d.) 3.17, 1.65, 1.00, and 0.76 mm), thus setting a different flow rate value (3.94, 1.34, 0.68, and 0.41 mL min −1 , respectively) and HRT (74, 130, 200, and 456 min, respectively) . The studied HRT values were chosen in a way they cover a range of iron oxidation efficiency from~10 to~90%, according to our previous study (Fernandez-Rojo et al. 2017) . The temperature was maintained at 20 ± 0.8°C and the channels were illuminated in the 400-500-nm wavelength with a day/night cycle of 12 h, as described previously (Fernandez-Rojo et al. 2017 ).
Experimental design
Water was collected (~200 L) from the spring of the Reigous Creek on June 2, 2015 in 20-L containers previously decontaminated with 65% HNO 3 and rinsed three times with in situ AMD. Once returned to the laboratory, the containers were purged with N 2 until dissolved oxygen (DO) was lower than~1 mg L −1 , in order to avoid Fe(II) oxidation. The containers were stored and successively used as feed water throughout the duration of the experiment. The experiment started on June 3, 2015, running in the four bioreactor channels (C) in parallel, each with a fixed HRT that was maintained throughout the experiment. Hence, the total volume of treated water at the end of the experiment varied from one channel to the other (~105 to 10 L), depending on the flow rate.
During the initial setting-up stage of the experiment, a steady-state condition regarding Fe(II) oxidation within the channel was reached within 8 days. During that time, Fe precipitation promoted the formation of orange biogenic precipitates that covered the bottom of the channels (FernandezRojo et al. 2017 ). These precipitates were previously shown to contain 6 ± 4 × 10 6 bacterial cells g −1 dry wt. The rate of Fe(II) oxidation increased concomitantly to the formation of these biogenic precipitates during the first~10 days of experiment until a steady state was reached at Fe(II) oxidation rate of 10 Fernandez-Rojo et al. 2017) . Such rates were within the range of biotic rates measured in other AMD (Larson et al. 2014) . Once the steady state was reached, the efficiency of the treatment in terms of Fe oxidation, Fe precipitation and As removal was evaluated for each channel, i.e. hydraulic retention time. The associated rates (in mole per liter per second) were calculated using Eq. 1,
where [X] was the concentration of dissolved Fe(II), total dissolved Fe, total dissolved As, dissolved As(III), or dissolved As(V), respectively, in mole per liter. The exact HRT was calculated by dividing the experimental volume of water recovered from one channel by the flow rate (in milliliter per minute) measured at the channel inlet. Nineteen days after the start of the experiment, the water was removed from the channels. The biogenic precipitates were recovered by scraping the biodegradable mesh with a sterilized spatula. The biogenic precipitate that covered the first section of the channel bottom (0-50 cm, closest to inlet) was separated from that in the second section (50-100 cm, closest to outlet). The biogenic precipitates were collected into Falcon tubes (50 mL) and centrifuged for 10 min at 4400×g (Sorvall ST40, Thermo Scientific). Sample from the first section (referred as Channel No X1st section, abbreviated as CX-1st) was distributed into six aliquots: three for bacterial cell quantification, one for bacterial community analysis and aioA gene quantification, one for As redox speciation, and one for mineralogy determination. The second section (abbreviated as CX-2nd) yielded less biogenic precipitates and was distributed in two aliquots only, one for As redox speciation and one for the mineralogy analysis.
Experimental monitoring
Chemical analyses
Water samples were collected every third day at the channel inlets and outlets to monitor the main physicochemical parameters (DO, temperature, pH, conductivity, and redox potential) and the rate of Fe(II) oxidation, together with Fe and As removal within the channels. The pH, redox potential (Eh), DO concentrations, and electrical conductivity (EC) were measured immediately after sampling with an HQ40d Portable Multi-Parameter Meter (HACH Company) equipped with a refillable pH electrode (pHC301), gel-filled ORP/Redox electrode (MTC101), Luminescent DO probe (LDO101), and conductivity electrode (CDC401). Samples were filtered (0.22 μm) and analyzed for dissolved Fe(II) by spectrophotometry, total dissolved Fe and As by inductively coupled plasma-mass spectrometer (ICP-MS), and As speciation by high performance liquid chromatography-ICP-MS (HPLC-ICP-MS). The biogenic precipitate was analyzed for total As and Fe content by ICP-MS after acid digestion with aqua regia. Details of these analytical procedures are reported in Fernandez-Rojo et al. (2017) and in its supporting information file.
Microbiological analyses
Bacterial cell counting, DNA extraction, and quantification of 16S rRNA genes and aioA genes were performed on the Reigous Creek original water used to feed the bioreactor and on the biogenic precipitates (first section) recovered at the bottom of each channel at the end of the experiment, as described previously (Fernandez-Rojo et al. 2017) . All DNA extractions were performed on triplicates. DNA extracts were quantified with a fluorometer (Qubit®, Invitrogen) and stored at − 20°C until further analysis.
The diversity and taxonomic composition of the bacterial communities of water and biogenic precipitates samples were determined by Illumina high-throughput sequencing of bacterial 16S rRNA genes. V4-V5 region (about 450 bases) was amplified by PCR using primers PCR1_515F (Barret et al. 2015) and PCR1_928R (Wang and Qian 2009) . The PCR products were sent to GeT-PlaGe platform (Toulouse, France) for Illumina MiSeq analysis using a 2 × 300-bp protocol. Bioinformatic analyses of 16S rRNA gene sequences were performed with MOTHUR version 1.31 (Schloss et al. 2009 ). Taxonomic affiliation was performed with a Bayesian classifier (Wang et al. 2007 ) (using an 80% bootstrap confidence score) against the SILVA reference database v128. To homogenize the datasets, the number of reads per sample was reduced to the lowest dataset by random selection (26,000 reads). High-quality sequences were then selected and clustered into operational taxonomic units (OTUs) using a 97% cutoff. Diversity indices and rarefaction curves were calculated with MOTHUR at a level of 97% sequence similarity. The raw datasets are available on the EBI database system under project accession number [PRJEB24682] . Details of these analytical procedures are reported in Tardy et al. (2018) .
Mineralogy and As speciation analyses
Samples of the biogenic precipitates were kept under anaerobic conditions and dried under vacuum at room temperature. The As-bearing phases and the As redox state were determined by extended X-ray absorption fine structure (EXAFS) and X-ray absorption near edge structure (XANES), respectively, at the As K-edge. The Fe-bearing phases were determined only in C1 and C4 (first and second section) by EXAFS at the Fe K-edge. The As and Fe K-edge EXAFS and XANES spectra were collected at 80 K in transmission mode on the XAFS beamline (ELETTRA, Trieste, Italy). Two scans were averaged for each sample, normalized, and background subtracted over the 0-15-Å −1 k-range for As and over the 0-17-Å −1 krange for Fe using the Athena Software (Ravel and Newville 2005) . Linear combination fitting (LCF) of the k 3 -weighted EXAFS data was performed over the 3-15-Å −1 k-range for As and the 2-17-Å −1 k-range for Fe, with the same software. Detailed procedures are described in Fernandez-Rojo et al. (2017) and its supporting information file. LCF analysis of the XANES data was performed by Resongles et al. (2016) using an in-house program based on a Levenberg-Marquardt algorithm. As(III) and As(V) coprecipitated schwertmannites (Maillot et al. 2013 ) were used as model compounds.
Statistical analyses
The non-parametric Kruskal-Wallis test was used with a significance level of 0.05 in order to test whether Fe oxidation, Fe precipitation, As removal, bacterial cell concentration, and aioA/16S gene ratio were statistically different between the four HRT. If the p value of the Kruskal-Wallis test was lower than 0.05, Dunn's multiple comparison tests with Bonferroni p value adjustment were performed. Differences in bacterial composition between C1-74 min and C4-456 min were compared by one-way ANOVA, with a significance level of 0.05. The test was performed for each of the nine dominant taxa identified. The statistical analyses were performed with the R free software (http://www.r-project.org/).
Results
Treatment efficiency
The mean chemical composition of the feed water at the inlet of each channel exhibited the typical characteristics of the Reigous Creek AMD Egal et al. 2010 ). The pH averaged 3.65, total dissolved Fe concentration averaged 480 mg L −1 (~95% Fe(II)), and total dissolved As concentration averaged 35 mg L −1 (~17% As(V)) ( Table S1 ). The physicochemical parameters and total dissolved Fe and As concentrations did not vary as much as 4% between the four channel inlets (Table S1 ), despite important difference in DO concentration (from 4 to 7 mg L −1
). During the course of the experiment, inlet water parameters varied generally by less than 10%, except DO and total dissolved As concentrations (36-42%). The latter continuously decreased throughout experiment duration, due to precipitation in the feed tank, which equally impacted the four channel inlets.
Fe oxidation, Fe precipitation and As removal showed an upward trend with increasing HRT (Fig. 1a) ; iron oxidation ranged from 10% in C1-74 min to 47% in C4-456 min (Fig. 1b) , Fe precipitation ranged from 9% in C1 to 22% in C4 (Fig. 1c) , and As removal ranged from 14% in C1 to 48% in C4 (Fig. 1d) . Efficiency was subjected to some temporal variation, as evidenced by dispersion of data in each boxplot. This could be related to the difficulty in maintaining a constant hydraulic retention time.
The outlet water chemistry varied accordingly to Fe oxidation, Fe precipitation, and As removal between the channels (Fig. 2) . The most noteworthy changes from C1-74 to C4-456 min were associated to pH decrease (from 3.2 to 2.8), dissolved Fe(II) concentration decrease (from 400 to 240 mg L −1 ), dissolved Fe(III) increase (from 30 to 120 mg L −1 ), and dissolved arsenic concentration (both As(III) and As(V)) decrease, from 25 to 15 mg L −1 (Fig. 2) .
Arsenic speciation and mineralogy of the biogenic precipitates
The biogenic precipitates contained an average of 71 ± 13 mg g −1 of As and 366 ± 11 mg g −1 of Fe (Table 1) . The
As/Fe molar ratio decreased with increasing HRT (0.2 to 0.1 from C1 to C4) and from the first section to the second section of the channels (Table 1 and Fig. 3 ).
As-XANES LCF indicated that arsenic was mainly in the form of As(III) (≥ 65%). As-EXAFS LCF showed that arsenic was mainly distributed between two distinct solid phases, with little variation among samples: As(III) sorbed to schwertmannite (68 to 82%) and As(V) in amorphous ferric arsenate (18 to 32%) (Table 1 and Fig. 3a) . Fe-EXAFS LCF indicated that iron was predominantly in schwertmannite (64-91%) and, to a lower extent, in amorphous ferric arsenate (9-36%) (Fig. 3b) . The proportion of schwertmannite was slightly higher in the second section of the channels than in the first one.
Microbiological characterization of feed water and biogenic precipitates
Bacterial cell concentration . In the biogenic precipitate, the average bacterial cell concentration was 2 ± 1 × 10 7 bacterial cells g −1 (dry wt), without significant differences between the HRT (Table 1) .
Bacterial diversity
High-throughput sequencing yielded a total of 429,004 sequences of 16S rRNA gene corresponding to 26,000 quality sequences per sample, which adequately covered the bacterial diversity in all the experiments (Fig. S3 ). Bacterial communities developed in the biogenic precipitates exhibited lower levels of diversity compared to those from the feed water, as evidenced by lower diversity indexes (richness, evenness, and Shannon) (Table S5 ). No clear difference was observed between the channels. In agreement with diversity indices, the bacterial composition in the biogenic precipitates was characterized by the dominance of a relative small number of bacterial OTU (Fig. 4) . The two most important OTUs were affiliated with Ferrovum and Gallionella genera, representing 31 and 36% of the whole dataset sequences, respectively. In the feed water, a much higher richness of OTUs was identified (Table S5 ). The majority of these OTUs represented less than 1% of the whole dataset each in term of number of sequences and were thus referred as Bother groups.^Unclassified bacteria were the second most abundant group, followed by Sphyngopyxis and Gallionella with a proportion of less than 10% each. Application of different HRT strongly impacted the bacterial community structure and composition in the biogenic precipitates (Fig. 4) . According to the performed ANOVA tests, increasing HRT resulted in a significant increase of the proportion of bacteria affiliated to Ferrovum genus (from 12 to 51% of total sequences), Candidatus Captivus genus (from 0.1 to 4% of total sequences), and Acidocella genus (from 0.1 to 3% of total sequences). Conversely, significant decrease was observed for the bacteria affiliated with Gallionella (from 65 to 23% of total sequences), Legionella (from 4 to 0.1% of total sequences), and Thiomonas (from 3 to 2% of total sequences) genera. No effect of HRT was observed for the ironoxidizing bacteria affiliated with Acidithiobacillus and Sideroxydans genera. , total Fe (g), As(III) (h), As(V) (i), and total As (j) determined in the outlet water. Representation of data as boxplots as described for Fig. 1 
Functional potential of arsenic oxidation
The biogenic precipitates exhibited higher aioA/16S rRNA gene ratio (average 0.13 to 0.40) than the feed water from Reigous Creek (0.03). Difference between HRT was not significant (Fig. 5 ).
Discussion
Bioreactor performance and biogenic precipitate composition
Increasing the HRT improved the performance of the bioreactor in terms of Fe(II) oxidation and As abatement (Fig. 1d) . However, performances were lower than in our previous study (Fernandez-Rojo et al. 2017) . Fe(II) oxidation and As removal reached respectively~50 and~40% for the highest HRT (456 min), whereas in our previous study (Fernandez-Rojo et al. 2017 ), these efficiencies were higher than 80% (Fe(II) oxidation) and 60% (As removal) at HRT = 500 min, in the same operating conditions. The difference may be attributed to higher pH of the AMD water in the present experiment (pH = 3.65) compared to the previous ones (pH = 3.0 to 3.4). In AMD, lower pH promotes fastest rates of biological Fe(II) oxidation, coinciding with the higher Fe (III) solubility (Larson et al. 2014) . Furthermore, the lower proportion of As(V) in the feed water (17% , Table S1 ) compared to the previous study (As(V) = 17-39%) (Fernandez-Rojo et al. 2017) did not favor As retention in the biogenic precipitates. Indeed, As(V)-Fe(III) solids forming in AMDs are known to be about ten times less soluble than As(III)-Fe(III) phases (Maillot et al. 2013) . Increasing the HRT decreased the As/Fe ratio in the biogenic precipitate (Table 1 and Fig. 3 ) but did not affect significantly the redox state of arsenic in the solid and the distribution of As-bearing phases. The biogenic precipitates were mainly composed of As(III)-sorbed and As-free schwertmannite, accompanied with minor amounts of As(V)-bearing amorphous ferric arsenate, both phases being typical of AMD systems containing arsenic (Fukushi et al. 2003; Courtin-Nomade et al. 2005) , including in the Reigous Creek in Carnoulès Egal et al. 2010) . Amorphous ferric arsenate has been shown to form in acid sulfate solution with initial dissolved As(V)/Fe(III) molar ratios higher than 0.15-0.2, while As(V)-sorbed schwertmannite formed at lower As(V)/Fe(III) molar ratios (Carlson et al. 2002; Maillot et al. 2013 ). In the present experiments, the dissolved As(V)/Fe(III) molar ratio varied from 0.2 ± 0.1 in the feed water to 0.1 ± 0.1, during As/Fe mol mol (5) 97 (5) 356 (5) 0.20 (2) 65 (2) 35 (2) 68 (2) 32 (1) 64 (5) 36 (5) C1-2nd n.d. 72 (5) 349 (5) 0.15 (1) 76 (2) 24 (2) 78 (2) 22 (2) 86 (11) 14 (9) C2-1st 1.6 (2) 79 (5) 362 (5) 0.16 (2) 76 (2) 24 (2) 78 (2) 22 (2) n.d. n.d. C2-2nd n.d.
62 (5) 371 (5) 0.13 (1) 80 (2) 20 (2) 81 (2) 19 (1) n.d. n.d.
C3-1st 1.6 (5) 71 (5) 364 (5) 0.15 (1) 79 (2) 21 (2) 82 (3) 18 (2) n.d n.d C3-2nd n.d. 59 (5) 365 (5) 0.12 (1) 77 (2) 23 (2) 78 (3) 22 (2) n.d. n.d. C4-1st 3.9 (2) 73 (5) 379 (5) 0.14 (1) 79 (2) 21 (2) 80 (3) 20 (2) 82 (5) 18 (5) C4-2nd n.d. 54 (5) 385 (5) 0.10 (1) 73 (2) 27 (2) 74 (2) 26 (1) 92 (11) 8 (9) As K-edge XANES LCF results are from Resongles et al. (2016) (see equivalence of sample names in Table S4 ). As K-edge EXAFS LCF were performed using As(III)-sorbed schwertmannite (Schw As(III)) and Amorphous Ferric Arsenate (AFA) as fitting components (Table S2 ). Fe K-edge EXAFS LCF were performed using Schwertmannite (Schw; As(III)-sorbed and As-free) and AFA as fitting components (Table S3 ). The sum of the LCF components IS normalized to 100%. The uncertainties on the reported values refer to the last digit and are given under brackets. Uncertainties on biomass values are calculated from the three sample replicates. Uncertainties on XANES and EXAFS LCF components correspond to three times the standard deviation given by the Athena fitting software. Uncertainty calculation method for XANES data is presented in Resongles et al. (2016) n.d. not determined the oxidation of Fe(II) to Fe(III) in the channels. These ratios are consistent with the presence of amorphous ferric arsenate in the biogenic precipitates. In our experimental pilot system, no tooeleite was detected, whereas this mineral is usually found in Reigous Creek . Maillot et al. (2013) observed the formation of amorphous ferric arsenite at initial dissolved As(III)/ Fe(III) molar ratio above 0.6 and As(III)-sorbed schwertmannite below this ratio. Here, the dissolved As(III)/Fe(III) molar ratio varied from 1.0 ± 0.7 in the feed water to 0.5 ± 0.7, during Fe(II) oxidation. In these conditions, the nucleation of schwertmannite is faster than that of amorphous ferric arsenite or nanocrystalline tooeleite, as shown in the study from Egal et al. (2009) .
Influence of the HRT on bacterial communities
Iron-oxidizing bacteria
The most abundant OTUs found in the biogenic precipitates established at the bottom of the channels were the ironoxidizing Betaproteobacteria related to the Ferrovum and Gallionella genera. These bacteria have been commonly observed in natural AMD (Kimura et al. 2011; Volant et al. 2014 ; Fig. 4 Relative abundance of bacterial genera in Reigous water (R) and in biogenic precipitates formed in the bottom of the channel under different HRT (C1, 74 min; C2, 130 min; C3, 200 min; C4, 456 min). Cluster tree represents the phylogenetic community distance based on the operational taxonomic unit (OTU) composition. BOther groups^represent the phylogenetic groups (genus) with a relative abundance < 1% calculated on the whole dataset Fig. 3 Arsenic (a) and iron (b) solid speciation derived from LCF analysis of EXAFS spectra collected at the As and Fe K-edges on the biogenic precipitates in the first and second section of the channels.
Corresponding experimental and LCF spectra are displayed in Figs. S1 and S2, respectively. LCF results are reported in Tables S2 and S3 , respectively Jones et al. 2015) and in bioreactors for the treatment of acid mine waters (Heinzel et al. 2009; Sun et al. 2016; Sheng et al. 2016) . Ferrovum myxofaciens forms macroscopic streamers and biofilms in acidic iron-rich streams; its Fe(II) oxidation capacity has been used in the first step of a modular system that removed Fe from highly acidic mine water (pH = 2.3) by producing schwertmannite (Hedrich and Johnson, 2012) and this mineral was subsequently used to remove 1.3 mg L −1 of arsenate present in the mine water . Gallionella dominated the water bacterial community in most of the stations along the Carnoulès AMD whatever the season while Ferrovum were less abundant particularly in the upstream more contaminated stations (Volant et al. 2014 ). The HRT clearly exerted an effect on bacterial community distribution, especially the relative contribution of Gallionella and Ferrovum. Several factors can explain this effect. Many studies highlighted pH as the most important factor structuring AMD communities (Kuang et al. 2013; Chen et al. 2013; Teng et al. 2017 ). In our experiment, the outlet pH was lower (2.8) when the highest HRT was applied. Jones et al. (2015) analyzed the composition of sediment communities from the Red Eyes drainage (USA) and found that Gallionella-like organisms were restricted to locations with a pH > 3, whereas Ferrovum dominated at pH < 3. Similarly, in a bioreactor for the treatment of acid mine drainage, Heinzel et al. (2009) reported a shift in the dominant species of the bacterial community from Ferrovum relatives to Gallionella relatives when the pH increased from 3.0 to 3.4 and the ferric iron concentration decreased from~105 to~30 mg L −1
. Hallberg (2010) indicated that apart from pH and temperature (constant in our bioreactor), there are more subtle factors such as the affinity for electron acceptors (e.g., oxygen) that could drive the structure of the microbial communities. In this respect, Gallionella is a microaerophilic bacterium that normally grows at 0.1-1 mg L −1 DO (Hanert 2006) , while F. myxofaciens, the only species of Ferrovum described to date, is a strict aerobe bacterium . Such sensitivity to DO concentration might explain the change from Gallionella to Ferrovum while DO increased from 5 mg L −1 (outlet DO) in C1-74 min (Fig. 2) to 7.8 mg L −1 (outlet DO) in C4-456 min.
In a similar way, Fabisch et al. (2016) observed that Ferrovum increased by 10-fold along the flow path of a metal-rich mine discharge, presumably due to increasing oxygen content, from 0.8-4.1 mg L −1
, in the outflow, to 5.5-9.7 mg L −1 at the most oxygenated site. However, the optimal oxygen conditions of Ferrovum sp. have not been well defined, yet and some contradictory results have been found (Jwair et al. 2016 ).
Arsenite-oxidizing bacteria
The detection of aioA genes and 16S rRNA sequences affiliated with Thiomonas spp. in the biogenic precipitates shows that the bacteria having the potential to oxidize arsenic are present in the bioreactor. However, arsenic in the biogenic precipitates was preferentially trapped in the form of As(III) for all the HRT, and outlet water also contained predominantly dissolved As(III) (> 82%). This suggests that As oxidation was not favored in this experiment. Bacteria belonging to the Thiomonas genus were shown to be active in situ in the Carnoulès AMD (Bruneel et al. 2011) and to actively express the enzyme arsenite oxidase although they were not a major member of the bacterial community (Hovasse et al. 2016) . They were also able to oxidize arsenic under laboratory conditions Duquesne et al. 2008) . The apparent lack of expression of As(III)-oxidizing activity in the present experiment remains unexplained. The regulation of the expression of arsenite oxidation genetic potential among Thiomonas strains appears to be complex and is not fully understood. The As-oxidizing activity of Thiomonas may be modulated by the physicochemistry of the AMD. In the present study, the original AMD pH was 4.7 but decreased to 3.65 under laboratory storage. The growth rate of the arsenite-oxidizing 'Thiomonas arsenivorans' was reduced to half as the starting pH decreased from 4.0 to~3.5 in batch cultures on a synthetic medium containing 100 mg L ). The bacterial growth followed the same trend. The pH decrease in the feed water under laboratory storage, regardless the HRT, is a potential reason for the lack of As oxidation. However, identification of the regulation factors deserves further research.
Abiotic As(III) oxidation may occur in AMD. This process involves O 2 or Fe(III) mineral surfaces as the oxidant, together with light (Bhandari et al. 2011 (Bhandari et al. , 2012 Pozdnyakov et al. 2016) . However, considering the low proportion of As(V) obtained in the biogenic precipitate of the bioreactor (≤ 35%) and in the outlet water (≤ 17%), this process did not appear to efficiently oxidize As(III) in the conditions and within the timeframe of this experiment.
Other bacteria
The proportion of Acidocella sp., an iron-reducing heterotrophic acidophilic microorganism, increased with increasing HRT, while the outlet pH decreased from 3.2 to 2.8. This trend was opposite to that observed in flow-through bioreactors inoculated with sediments from Brubaker Run, in the Appalachian bituminous coal basin, that showed a decrease of Acidocella sp. abundance with decreasing pH from 4.2 to 3.3 (Sheng et al. 2016) . Most probably, the increase of the proportion of Acidocella sp. in our study can be linked to increasing Fe(III) concentration with increasing HRT. It can be hypothesized that this bacterium thrives in conditions where precipitation of Fe(III) is limited by low pH values.
Legionella is a non-iron-oxidizing heterotrophic bacterium that is relatively uncommon in AMD. However, it has been reported in AMD of the Xiang Mountain sulfide mine (Hao et al. 2010 (Hao et al. , 2012 and was a dominant member of the bacterial community in a tailings pond from a metal mine (Auld et al. 2013) . The presence of this bacterium has been attributed to its association with eukaryotic cells that colonize AMD. Similarly, Candidatus Captivus is an endosymbiont of protist cells that has been previously observed in AMD from Iron Mountain (Baker et al. 2003) . However, as we did not analyze the eukaryotic community in the present experiment, the higher abundance of Legionella and Candidatus Captivus at lower and higher HRT, respectively, cannot be related to eukaryote dynamics.
Environmental significance
The present study confirmed the capacity of our lab-scale channel bioreactor to immobilize arsenic from AMD. This capacity was ascribed to the ability of autochthonous iron-oxidizing bacteria Gallionella and Ferrovum, present in the original AMD seed water, to oxidize iron at acid pH. Although HRT influenced the structure and composition of the bacterial community that settled in the bioreactor, these bacteria remained dominant members of the community at all HRT values. Such robustness is a key factor for future field-scale application of this treatment. Nevertheless, long-term monitoring of bacterial community during longer bioreactor operation would be required to confirm this stability. Early results from other flow-through bioreactors treating AMD suggest that despite some changes in the microbial community during long-term operation, the biological Fe(II)-oxidizing performance was maintained (Jones and Johnson 2016; Sheng et al. 2016) , which further demonstrated the reliability of this kind of bioreactor for the oxidation of Fe(II) in AMD treatments.
Although arsenic abatement increased substantially with HRT, a maximum of 40% As removal was reached at HRT of~500 min, which contrasted with the~80% As removal in previous experiments (Fernandez-Rojo et al. 2017) . Contrary to the present study, in these earlier experiments, As(III) oxidation occurred within the bioreactor, thus improving As removal efficiency. As discussed previously (BInfluence of the HRT on bacterial communities^section), the factors that regulate arsenite oxidation activity in our bioreactor remain to be deciphered. The importance of such regulation is also crucial regarding the stability of As-bearing solid phases that form during the treatment. Indeed, the dominant phase in the channel bioreactor was As(III)-bearing schwertmannite, with low proportion of amorphous ferric arsenate. As(III)-bearing schwertmannite is a metastable precursor leading to jarosite or goethite while releasing arsenic in the dissolved phase during aging (Acero et al. 2006) . Conversely, ferric arsenate phases were shown to be the most suitable for safe disposal (Lawrence and Higgs 1999) .
